One contribution of 16 to a discussion meeting issue 'Release of chemical transmitters from cell bodies and dendrites of nerve cells'. Extracellular adenosine triphosphate (ATP) serves as a signal for diverse physiological functions, including spread of calcium waves between astrocytes, control of vascular oxygen supply and control of ciliary beat in the airways. ATP can be released from cells by various mechanisms. This review focuses on channel-mediated ATP release and its main enabler, Pannexin1 (Panx1). Six subunits of Panx1 form a plasma membrane channel termed 'pannexon'. Depending on the mode of stimulation, the pannexon has large conductance (500 pS) and unselective permeability to molecules less than 1.5 kD or is a small (50 pS), chloride-selective channel. Most physiological and pathological stimuli induce the large channel conformation, whereas the small conformation so far has only been observed with exclusive voltage activation of the channel. The interaction between pannexons and ATP is intimate. The pannexon is not only the conduit for ATP, permitting ATP efflux from cells down its concentration gradient, but the pannexon is also modulated by ATP. The channel can be activated by ATP through both ionotropic P2X as well as metabotropic P2Y purinergic receptors. In the absence of a control mechanism, this positive feedback loop would lead to cell death owing to the linkage of purinergic receptors with apoptotic processes. A control mechanism preventing excessive activation of the purinergic receptors is provided by ATP binding (with low affinity) to the Panx1 protein and gating the channel shut.
Introduction
Adenosine triphosphate (ATP) and its metabolites adenosine diphosphate (ADP), adenosine monophosphate (AMP) and adenosine serve as transmitter molecules in many physiological and pathological body functions [1] [2] [3] . While the function of ATP as cellular energy store was rapidly accepted after its discovery, the transmitter function of ATP took decades to become accepted in the scientific community. The signalling function of ATP was first postulated in 1929 [4] and reformulated in 1953 and 1954 [5,6] . Starting in 1970, the tenacity of Burnstock et al. [7] [8] [9] finally led to the establishment of the field of purinergic transmission. The field has now grown to such an extent that the 'Purines 2014' meeting was attended by approximately 550 researchers.
To act as a transmitter, ATP has to negotiate the plasma membrane of the ATP releasing cell before it can act-sometimes after breakdown as ADP, AMP or adenosine-on purinergic receptors (P1, P2X or P2Y) on a targeted cell. Four pathways for ATP release need to be considered.
(A) Like many other transmitters, ATP can be released by exocytosis. In fact, often ATP is co-packaged and co-released with classical transmitters, such as acetylcholine or norepinephrine [10] [11] [12] [13] . Further support for exocytotic/vesicular ATP release is the identification of vesicular ATP transport proteins [14, 15] . Exocytosis allows for fast and targeted release of ATP onto receptors and is the prominent if not exclusive ATP release mechanism at nerve terminals [16, 17] .
(B) Several observations indicate the existence of alternative ATP release pathways. ATP is released from cells, such as erythrocytes [18] , that do not contain vesicles under physiological conditions. In many cell types, there is uptake of extracellular tracer molecules correlated with ATP release [19, 20] . Several membrane channel blockers, including carbenoxolone, can attenuate or even completely inhibit ATP release from cells and block tracer uptake [21] . These observations are all suggestive of a channel-mediated ATP release mechanism allowing the passive efflux of ATP from the cell following the concentration gradient. Actually, channel-mediated ATP release is the most ancient form [22] .
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(C) Because certain inhibitors of proteins mediating active membrane transport-a prime example is the urate transport inhibitor probenecid-were observed to interfere with ATP release from cells, it has been suggested that transport proteins can be involved in the release process [23] . However, that probenecid also is a strong inhibitor of the pannexin1 (Panx1) channel [24] undermines the evidence for transport-mediated ATP release at the plasma membrane.
(D) A fourth mechanism is only seen under pathological conditions. Lytic release of ATP through a compromised plasma membrane can be a consequence of direct trauma or part of programmed cell death.
In many if not most cell types, including astrocytes, both vesicular and channel-mediated ATP release mechanisms coexist, complicating detailed analysis of either mechanism. Therefore, to illuminate channel-mediated ATP release as it occurs in astrocytes or neurons, it is imperative to elucidate basic aspects of this process in cells where vesicular release is absent. The mature human erythrocyte has no organelles and no vesicles. Erythrocytes, when stimulated by a low oxygen environment or shear stress, release ATP [18] . Thus, the erythrocyte is ideal for studying basic aspects of channel-mediated ATP release.
The focus of this review is exclusively on channelmediated ATP release. While several membrane channel proteins have been proposed to mediate ATP release, special emphasis is on the pannexin1 (Panx1) channel. A broad set of experimental evidence indicates that Panx1 mediates ATP release under physiological and pathological conditions in several cell types. In the plasma membrane, Panx1 appears as a hexameric assembly of Panx1 subunits [25] to form a transmembrane channel called pannexon [26] . Throughout the text, this term is used to indicate the fully oligomerized state, whereas the term Panx1 is used when reference is made to the monomeric protein.
Requirements for a membrane protein to serve as an ATP release channel
Several membrane proteins have been presented as putative ATP release channels, including the cystic fibrosis transmembrane regulator (CFTR) [27] , the maxi anion channel [28] , connexin 43 hemichannels [29] , calcium homeostasis modulator 1 (CALHM 1) [30] and pannexon channels [31] . To serve as an ATP release channel, specific requirements have to be fulfilled. As mundane as several of these requirements are, they are not exhibited by some of the ATP release channel candidates. (i) ATP must demonstrably permeate the channel. As basic as this property gets, CFTR has been shown not to be permeable to ATP [32] . This does not preclude a regulatory role for CFTR on a genuine ATP release channel. However, CFTR by itself does not qualify as a permeation pathway for ATP.
(ii) The ATP-permeable channel must be expressed in the cells from which ATP is released. Connexin 43 hemichannels have been suggested to mediate the release of ATP in many cell types [20] . Yet, erythrocytes (and other cells) release ATP, but do not express connexin 43 [21] .
(iii) Expression of the channel must be localized at the surface where ATP is secreted. In several polarized cells, including airway epithelia, ATP release occurs exclusively at the apical surface. The two connexins expressed in these cells (Cx 30 and Cx 31), consistent with their gap junction function, are exclusively expressed at the basolateral membrane and are not detectable at the apical membrane [33] .
(iv) The ATP channel must be capable of being active under physiological conditions. ATP release is involved in multiple physiological functions that occur in a normal ionic environment and often at the resting membrane potential. 
The pannexon channel
Before the discovery of pannexins (Panx1, Panx2 and Panx3), the pharmacology of connexin hemichannels, based on a limited number of drugs, best matched ATP release in a number of cell types. However, a series of arguments (some mentioned above) raised suspicion about connexins being responsible for ATP release under physiological conditions. rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140191
Because pannexins were discovered in vertebrates on the basis of limited sequence similarity with the invertebrate innexins, it was to be expected that the pharmacology of pannexins would be similar to that of innexins and connexins. This expectation led to the initial motivation to analyse the ability of Panx1 to be an ATP release channel [31] . Indeed, most connexin and innexin gap junction inhibitors subsequently were found to also inhibit the Panx1 channel [34, 35] . Although pannexins were discovered 15 years ago as a 'second family of gap junction proteins' in vertebrates [36] , there still is no firm evidence for their ability to indeed form gap junctions. Cell-cell coupling reported as a consequence of Panx1 expression could have been mediated by connexin-based gap junction channels.
There is ample evidence to exclude a gap junction function of pannexins, including (i) their expression in cells that do not form gap junctions, such as erythrocytes [21] ; (ii) the expression in polarized cells only at the apical membrane [37, 38] , which is not in contact with any other cell; and (iii) the glycosylation of the pannexin proteins, which prevents the docking of pannexons in apposed cell membranes [25, 39] .
Unquestionably, Panx1 forms a patent non-junctional membrane channel that allows the exchange of molecules smaller than 1.5 kDa between intra-and extracellular space [21, 31, 40, 41] . (Of the three pannexins, only the properties of the Panx1 channel are sufficiently characterized for inclusion in this discussion.) Despite the lack of sequence homology to connexins and the very limited homology to innexins, pannexins fold in a similar way: both amino-and carboxytermini are located intracellularly, four segments traverse the plasma membrane and two loops face the extracellular space [21] . Six Panx1 subunits oligomerize [25] to form a pannexon channel in the non-junctional plasma membrane [26] . The channel properties are unusual, and, as shown below, vary with the mode of stimulation.
Innexins are bifunctional, as they can form gap junction channels as well as non-junctional membrane channels, innexons. The properties of innexons as far as tested are identical to pannexon properties [42] [43] [44] [45] .
Evidence for an ATP release function of Panx1
The pannexon channel fulfils all criteria listed above for a legitimate ATP release channel.
(a) Reversal potential measurements in a potassium ATP gradient suggest high ATP permeability of pannexons in cells expressing Panx1 exogenously [31] or endogenously [21] . Expression of Panx1 also confers stimulus-dependent ATP release to cells [31] .
(b) Cells for which channel-mediated ATP release has been documented express Panx1, including erythrocytes, airway epithelial cells, astrocytes, macrophages, hepatocytes, lymphocytes, kidney tubule cells and pituitary cells. Inversely, knockdown or knockout of Panx1 expression leads to attenuation or loss of ATP release in erythrocytes [46] , astrocytes [47] , airway epithelial cells [37, 48] , macrophages [49] and pituitary cells [50] .
(c) In polarized cells, including airway epithelial cells and kidney tubulus cells, Panx1 co-localizes with the ATP release site [37, 38] .
(d) Pannexon channels can open under physiological conditions, including regular extracellular calcium concentration [34] in response to stimulation by mechanical stress, low oxygen environment, the ligands ATP, glutamate and angiotensin II binding to their respective receptors, and increased intracellular calcium ion concentration.
(e) Activation of pannexons by several of the aforementioned stimuli can occur at the resting membrane potential. This property allows for efficient release of ATP downstream of both the concentration and voltage gradients.
(f ) ATP release has been determined in many cells to correlate with the uptake of extracellular tracer molecules (typically fluorescent dyes) that are either negatively or positively charged. The pannexon channel is permeable to both negatively charged and positively charged dyes [21, 24, 51] .
(g) ATP acting through either metabotropic P2Y [52] or ionotropic P2X [53] receptors can activate pannexon channels, enabling the phenomenon of ATP-induced ATP release and thereby amplifying the ATP signal.
(h) The positive feedback loop provided by ATP-induced ATP release is counteracted by a negative feedback. At high concentrations, extracellular ATP inhibits currents through pannexons [54] . This effect is mediated by amino acids in both extracellular loops of Panx1 [55] . In several cell types, including astrocytes, neurons and macrophages, Panx1 is closely associated with the purinergic receptor P2X7, and pannexons can be opened by ATP through this association. Several ligands to the P2X7 receptor, irrespective of whether they act as agonist or antagonist at the receptor, inhibit pannexon function. The affinity of the ATP binding site on Panx1 is lower than that on the P2X7 receptor. This constellation allows for initial amplification of the ATP signal by the positive feedback loop between pannexon and receptor. Under physiological conditions, the amplification is limited by the negative feedback on the pannexon. This represents an important mechanism to preserve cell integrity, because without it, apoptotic pathways would be activated even with minute elevations of extracellular ATP.
(i) The pharmacology of pannexons matches well with that of non-vesicular ATP release. Pannexons are inhibited by a variety of compounds belonging to different chemical groups and pharmacological classes [35] . Prime examples are probenecid, glyburide and artemesinin. Only one compound, dipyridamole, known to affect ATP release does not inhibit pannexons [46] . Thus, in some cells, including mouse erythrocytes, another non-vesicular ATP release pathway must exist.
( j) Mutations and chemical modification of Panx1 affect ATP release, consistent with an ATP permeation pathway provided by pannexons [56] .
Release of compounds other than ATP
The pannexon's maximal single-channel conductance is on the order of 500 pS [31, 57, 58] . Flux of tracer molecules through pannexons does not exhibit charge selectivity, as both negatively and positively charged fluorescent dyes applied at the extracellular surface enter cells when pannexons are open. The exact size exclusion limit for pannexons has not been determined. However, polyethyleneglycol molecules up to 1.5 kDa [41] enter the channel to a sufficient depth to affect channel conductance. Whether this is a measure of the pore itself or that of an extended channel vestibulum needs further investigation.
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Nevertheless, based on the large pore size and the apparent lack of selectivity, it can be expected that molecules in the size range of ATP will pass through pannexons without hindrance. The signalling molecules uridine 5 0 -triphosphate (UTP) and glutamate fall into this category. Furthermore, it appears that epoxyeicosatrienoic acids permeate pannexons [59] .
Expression and function of pannexons in the central nervous system
At present, it is uncertain whether the release of ATP and similar-sized molecules, such as glutamate and other transmitters, is the exclusive function of pannexons. Nevertheless, there is accumulating evidence that pannexons are involved in multiple functions of the central nervous system (CNS). This is indicated by the apparent involvement of pannexons in pathological states such as epilepsy [60] , migraine [61] , hypoxic depolarization [57] , Crohn's disease with its neuronal loss in the enteric nervous system [62] and neuroinflammation [63] . Panx1 is widely expressed in the body, including the brain. Panx2, which is essentially uncharacterized in terms of channel properties and functional roles [64] , is almost exclusively expressed in the CNS. Expression of Panx1 includes astrocytes and neurons [65] . In neurons, it appears that Panx1 may exist in different conformations or associations with other proteins. Immunohistochemical analysis of Panx1 expression has shown that different validated anti-Panx1 antibodies stain different parts of neurons [66] . The most likely interpretation of this phenomenon is epitope masking or unmasking by either differential protein folding, differential post-translational modification or differential interaction with other proteins in cell bodies and dendrites. Several intimate interactions between Panx1 and other proteins in astrocytes and neurons have been identified. A direct physical interaction is indicated by co-immunoprecipitation for Panx1 and the P2X7 receptor [63] or the potassium channel subunit Kvb3 [67] . Furthermore, Panx1 can be activated by glutamate binding to NMDA receptors, by noradrenaline through alpha adrenergic receptors, or by angiotensin II binding to AT1 receptors [68] [69] [70] . The interaction of Panx1 with Kvb3 is intriguing, as the pharmacology of the pannexon is changed by this interaction. The inhibitory effect of carbenoxolone, probenecid and reducing agents was attenuated in co-expressing cells when compared with the effect in cells expressing Panx1 alone. In the CNS, Panx1 and Kvb3 co-localize in pyramidal neurons in the hippocampus and in Purkinje cells in the cerebellum [67] . The specific functional role of this co-expression is not known.
Activation of pannexons in physiological and pathological conditions
An experimentally convenient way to activate pannexons is by depolarizing voltage steps applied to cells. However, the voltages required for channel activation are in the positive range and thus do not occur physiologically except in excitatory cells for a brief period during the peak of an action potential. Nevertheless, a number of physiological stimuli for pannexons have been identified that open the channel at the resting membrane potential.
(a) Pannexons are mechanosensitive and can be opened at 250 mV in excised membrane patches by application of negative pressure applied to the patch pipette [31] . This channel property could be the basis for the observed swelling-induced ATP release from erythrocytes [21] and airway epithelial cells in response to hypotonic stress [37, 48] . Activation of pannexons in response to cell swelling has also been observed in other cell types, including lens [71] , neurons [72] , astrocytes [73] , bovine ciliary epithelial cells [74] and fibrosarcoma cells [75] .
(b) Low oxygen elicits pannexon-mediated ATP release from erythrocytes [21, 76] and neurons [57] . In neurons, low oxygen could be sensed via the orthodox mitochondrial pathway, which in turn activates pannexons. In the organelle-free erythrocyte without mitochondria, a more direct activation of pannexons must exist. Because the activity of the potassium channel slo1 BK can be modulated by haem [77] , a similar mechanism may control pannexon activity in erythrocytes in an (oxygen)-dependent way.
( (d) Pannexons can be opened by ATP binding to purinergic receptors. In addition to the aforementioned activation through the metabotropic P2Y receptors, binding of ATP to ionotropic P2X7 receptors also leads to pannexon activity [51, 53] . It appears that some other P2X receptors have the same capability [80] . While it is conceivable that the Ca 2þ influx through a P2X receptor can trigger pannexon activation, this process is not needed, because removal of extracellular calcium does not attenuate the ATP-induced pannexon current [53] . Thus, other signalling events must be involved. Because Panx1 can be immunoprecipitated with P2X protein by antibodies directed to either Panx1 or P2X [63, 80, 81] , an activation of pannexons by direct protein-protein interaction is a distinct possibility. In addition (or instead), another signalling pathway appears to be involved the activation mechanism. Pannexon currents in cells co-expressing Panx1 and P2X7R are attenuated by inhibition of Src tyrosine kinases by a TAT-P2X7 peptide representing the death signal domain in the COOH terminus of P2X7R, by the P2X7R blocker KN-62 or by the Src tyrosine inhibitor PP2 [82] . While the identification of the molecular components involved in ATP-induced ATP release is recent, the phenomenon as such has long been known [83] [84] [85] . Considering that ATP at high concentrations in the extracellular medium leads to cell death, this positive feedback loop for ATP release is potentially dangerous. Under physiological conditions, the negative feedback in form of pannexon inhibition by extracellular ATP counteracts the ATP-induced ATP release and thereby limits overstimulation of apoptotic/pyroptotic pathways [86] .
. Intriguingly, the signalling between receptor and pannexon is similar to that described for the P2X7/pannexon interaction. While Ca 2þ influx through the NMDA receptors in principle could be sufficient for the activation process, experimental evidence here also points to an important role of Src kinases in the activation of pannexons [87] .
(f ) Pannexons can be activated by agonists of the alpha 1D adrenergic receptor [69] . This amplifies the adrenergic signalling cascade enhancing the vasoconstrictive effect of adrenergic agonists in resistance vessels. The [90] .
(i) Histamine-induced ATP release seems to follow the same pattern as described for bradykinin [91] .
( j) Angiotensin II-induced ATP release is inhibited by intracellular calcium chelation with BAPTA and thus pannexon activation could be a direct consequence of the rise in intracellular [Ca 2þ ] [70] .
(k) Thromboxane receptor-mediated activation of pannexons, in contrast, involves the cAMP ! protein kinase A pathway [92] .
(l) Regulation of catecholamine release from adrenal chromaffin cells apparently involves pannexon activity and ATP release, which in turn amplifies the calcium signalling triggered by nicotinic receptors [93] .
(m) Increases in extracellular at any membrane potential in the range 2100 to þ100 mV under voltage clamp conditions (see below). Activation of pannexons by all the aforementioned stimuli is rapidly reversible. For many physiological functions involving pannexons, such as platelet activation, oxygen supply, hearing, airway cilia beat regulation, quick reversibility is indispensable. Considering pannexons' large conductance and the permeability to all molecules up to 1.5 kDa, prolonged activation of pannexons would lead to the rundown of ionic gradients and loss of energy necessary for cell survival. Indeed, excessive or irreversible activation of pannexons leads to cell death [53, 63, 94, 95] . The self-inhibition of pannexons by ATP is a component of fine tuning of a potentially dangerous channel by preventing prolonged opening.
(n) Cleavage of Panx1 by caspase 3 at its cognizant site in the carboxyterminal sequence of the protein irreversibly activates pannexons, invariably killing the cells [95] . This type of activation occurs in only a select group of cells and only after these cells are committed to apoptotic cell death. The expected ensuing ATP release mobilizes macrophages to the site of cell death. ATP in this setting has been termed the 'find me signal'. A similar phenomenon also occurs in brain lesions, where ATP initiates the response of microglia to an injury [96] . In a leech model for nerve injury, which is amenable to a rigorous analysis of molecular events, the signalling responsible for migration of microglia to a lesion is complex. Directional movement and accumulation of microglia involve at least three signals: the ATP released at the lesion site is the 'go' signal, NO is the 'where' signal [97] and ArA is a 'stop' signal [44] .
Caspase cleavage of Panx1, however, is not an obligatory event in the anoxic depolarization that precedes death of neurons [87] . Western blots of hippocampal slice preparations show only the uncleaved form of Panx1 under conditions that open pannexons. In addition, pharmacology shows that anoxia-induced pannexon activation is caspase-independent.
Published data do not show whether the caspase 3 cleaved pannexon is permeable to ATP. Single-channel recordings of pannexons under conditions where the caspase-cleaved form should prevail show a unitary conductance of 75 pS [98] or even as low as 20 pS [99] . As shown below, the low conductance pannexon is not permeable to ATP. Either the patches with the low conductance pannexon did not happen to contain the fully activated, ATP-permeable configuration or the caspase-cleaved Panx1 does not form pannexons with ATP permeability. The latter interpretation is also suggested by a lack of reversal potential shift associated with caspase 3 cleavage of Panx1 [95, 99, 100] . In contrast, the K þ -stimulated pannexon is ATP permeable [31, 58] and exhibits a large shift in the reversal potential [47] .
Two channel conformations of Panx1
A preponderance of evidence designates pannexons as the main conduit for efflux of ATP from many cell types (reviewed in references [26, 86, 101] ). Nonetheless, recent independent studies have shown the pannexon to be a highly selective chloride channel with no ATP permeability [102, 103] . Furthermore, in these studies, the pannexon exhibited a unitary conductance of 74 [103] modulators of pannexons could be responsible for the differing channel properties [101, 103] . Alternatively, Panx1 may serve as a regulator of the actual ATP release conduit.
Scrutiny of the experimental conditions used in the various studies, however, reveals marked discrepancies. Notably, the low conductance, ATP-impermeable pannexons were observed with the channels activated exclusively by voltage. In contrast, the high conductance, ATP-permeable pannexons were observed with different physiological/ pathological channel stimuli. A systematic analysis of this phenomenon revealed that, depending on the stimulus modality, pannexons assume different conformations with different conductances and permeabilities [58] .
The exclusively voltage-gated pannexon is not permeable to ATP. Measuring ATP release from voltage-clamped oocytes with a luciferase assay revealed that no pannexon-mediated release occurred despite robust voltage-induced pannexon currents [58] . Increasing [K þ ] o under otherwise identical conditions resulted in an ATP release of the same magnitude as observed in K þ -stimulated unclamped oocytes. The K þ -stimulated ATP release was independent of the membrane holding potential in the range from 260 to þ40 mV. The two permeability states of pannexons correlate with the two conductance states of the channel. The previously published differences in conductance states were found in different cell types, opening the possibility for cell-type-specific properties of pannexons. However, the two conductance states can be seen in the same cell and even in the same channel contained in an excised outside-out membrane patch [58] . A simple change of the extracellular ion composition induces the change in conductance. With Na þ in the extracellular solution, the channel opens only at positive potentials as also seen for whole cell currents. The unitary conductance under this condition is about 50 pS and thus in the same range as reported for other cell types under comparable experimental conditions [102, 103] . Replacing extracellular Na þ with K þ opens pannexons in the voltage range from 2100 to þ100 mV, also consistent with macroscopic currents. In high [K þ ] o , the pannexon currents are complex, indicating the existence of several subconductance states and a maximal conductance of ca 500 pS (figure 1). The large pannexon conductance and/or ATP permeability have been observed in several cell types with different physiological or pathological stimuli. This includes K þ -activated pannexons in oocytes expressing Panx1, erythrocytes and astrocytes, [31] , lowoxygen-stimulated neurons or erythrocytes [21, 57] , mechanically stressed pannexons in oocytes or erythrocytes [21, 31] , intracellular calcium-induced pannexon activity in oocytes [105] .
That different stimuli trigger two conformations of pannexons is also indicated by differential thiol reagent accessibility. Panx1 has a carboxyterminal cysteine, which can be reacted with thiol reagents in the voltage-activated state of the channel [56] . In contrast, pannexons opened with extracellular K þ cannot be modified by thiol reagents [58] . These observations suggest that the inner (cytoplasmic) aspect of the pannexon assumes drastically different conformations with different stimuli. Cysteines replacing autochthonous amino acids in the outer (extracellular) portion of pannexon channel permeation pathway can be reacted with thiol reagents with either stimulation modality. Thus, the pore structure at the extracellular side of the channel is similar or identical with different stimuli. Figure 3 illustrates schematically the two conductance/permeability states of pannexons.
Allosteric effect of K þ on Panx1
Several lines of evidence indicate that the opening of pannexons by extracellular K þ is due to a direct allosteric effect.
Under voltage clamp conditions, K þ activates pannexons and clamped at þ50 mV containing two channels that opened to the current levels O 1 and O 2 . Both the pipette and bath solutions contained 140 mM NaCl, 10 mM KCl and 5 mM TES ( pH 7.5). As shown previously, the conversion between small and large channel conductance can be observed in the same channel in an outside -out patch by switching between normal Ringer and high K þ in the extracellular solutions [58] . 
ATP and K þ entangle on pannexons
The initial determination of ATP permeability of pannexons has been performed on excised membrane patches exposed to a 10 : 1 gradient of potassium ATP. ATP permeability in this experiment was indicated by the reversal potential being ca 20 mV shifted from the potassium equilibrium potential. Considering the inhibitory effect of ATP on pannexons and the use of high concentrations of ATP in the extracellular aspect of the membrane patch, this experiment should not have worked. A reassessment of the effect of ATP on pannexons in different ionic conditions, however, revealed that the inhibitory effect of ATP on pannexons is attenuated in a dose-dependent way by increased extracellular K þ .
The interplay of K þ and ATP can be observed directly in Panx1-expressing oocytes [94] . 
Pannexons can mediate cell death
The entanglement between ATP and K þ on pannexons can also be observed in astrocytes and in brain slices as an approximation of in vivo conditions [94] . Additionally, in situ blockade of pannexons by ATP as determined by dye uptake in brain slices is present in wt mice and P2X7 KO mice, but not in Panx1 KO mice. In the absence of the oocyte data, one would be hard pressed to interpret the data obtained in cultured astrocytes and brain slices.
The interplay between ATP and K þ at pannexons has profound consequences in pathological conditions where damaged cells spill a series of pannexon activators onto adjacent healthy neighbouring cells [86, 94] . Among these activators is K þ , which is a direct pannexon stimulant and also abolishes the negative feedback control on pannexonmediated ATP release. In this constellation, the unopposed positive feedback for ATP release will result in overstimulation of P2X purinergic receptors and, owing to their linkage to the inflammasome, cause apoptotic/pyroptotic death of cells not damaged by the original insult. This phenomenon has long been known and is termed secondary cell death. Typically, secondary cell death makes the lesion volume several fold larger than the primary lesion. Because this process extends over several hours, there is a therapeutic window to limit secondary cell death and Panx1 is a logical target for such intervention.
What does it all mean?
Since the discovery of the pannexins in 2000 [36] , 460 papers (as of December 2014) have been dedicated to this small family of 'gap junction' proteins comprising three members. Rather than forming the cell-to-cell channels of authentic gap junction proteins that the innexins and connexins do, pannexins apparently form exclusively non-junctional membrane channels. These pannexons allow the exchange of small molecules between the intra-and extracellular spaces. While the repertoire of potential permeants is large, only the permeation of ATP through pannexons has been studied in detail.
In several physiological settings, ATP release through pannexons is the primary event, i.e. a stimulus activates pannexons. Direct pannexon-mediated ATP release is found for example in erythrocytes exposed to low oxygen or mechanical stress, airway epithelial cells stimulated mechanically and also tubular cells in the kidney.
In several activation schemes of pannexons, the ensuing ATP release is a secondary event with exclusive amplification function for the signalling cascade initiated by the initial receptor ligand. This applies to all presently known ligandmediated pannexon activations. In the case of ATP, it is a self-amplification of purinergic signalling. For the other ligands, pannexon-mediated ATP release amplifies other signalling cascades, as shown for alpha-adrenergic, histamine, thrombin and angiotensin II signalling.
It is possible that pannexons exert other functions unrelated to the release of ATP, glutamate and other compounds The function of the other two pannexins (Panx2 and Panx3) has remained elusive. Panx2 expression is almost exclusively found in the nervous system. While the Panx2 protein is capable of forming a channel [64] , no physiological stimuli have been identified so far. Furthermore, its predominant localization in cytoplasmic compartments [107] suggests an alternative function to that of Panx1.
Panx3 is similarly mysterious, because its localization in some studies is also mainly intracellular [108, 109] . Furthermore, the expression of Panx3 is restricted to skin and bone [110] , excluding a general function comparable to that of Panx1. Thus, the challenge to identify physiological functions for Panx2 and Panx3 remains and some inspired approaches will be required.
